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A search for a non-zero neutrino magnetic moment has been conducted using 1496 live days of
solar neutrino data from Super-Kamiokande-I. Specifically, we searched for distortions to the energy
spectrum of recoil electrons arising from magnetic scattering due to a non-zero neutrino magnetic
moment. In the absence of clear signal, we found µν ≤ 3.6 × 10
−10 µB at 90% C.L. by fitting
to the Super-Kamiokande day/night spectra. The fitting took into account the effect of neutrino
2oscillation on the shapes of energy spectra. With additional information from other solar neutrino
and KamLAND experiments constraining the oscillation region, a limit of µν ≤ 1.1 × 10
−10 µB at
90% C.L. was obtained.
PACS numbers: 14.60.Pq,13.15.+g,13.40.Em,26.65.+t
In the Standard Model, neutrinos are massless and do
not have magnetic moments. There is now strong evi-
dence from recent experiments [1, 2, 3, 4, 5] that neutri-
nos undergo flavor oscillations and hence must have finite
masses. Introducing neutrino masses to the Standard
Model results in neutrino magnetic moments [6]. How-
ever, such moments are at least eight orders of magnitude
below currently accessible experimental limits. These
limits are derived from reactor ν¯e’s [7, 8, 9, 10] and are in
the range of (1− 4)× 10−10 µB, where µB is Bohr mag-
neton. Therefore, a positive observation of such large
magnetic moments would imply additional physics be-
yond the Standard Model.
The general interaction of neutrino mass eigenstates
j and k with a magnetic field can be characterized by
constants µjk, the magnetic moments. Both diagonal
(j = k) and off-diagonal (j 6= k) moments are possible.
While there have been attempts to use the neutrino
magnetic moments to explain the solar neutrino problem
[11], e.g. spin flavor precession (SFP) [12], SFP can-
not explain the suppressed reactor anti-neutrino flux de-
tected at KamLAND [5]. Under the assumption of CPT
invariance, KamLAND’s results give independent sup-
port to neutrino oscillations [2, 3], not SFP [13], being
the solution to the solar neutrino problem.
In this paper, we report a search for neutrino magnetic
moment using the high statistics solar neutrino data ob-
tained by Super-Kamiokande-I. Super-Kamiokande (SK)
is a water Cherenkov detector, with a fiducial volume of
22.5 kton, located in the Kamioka mine in Gifu, Japan.
Descriptions of the detector can be found elsewhere [14].
SK detects solar neutrinos via the elastic scattering of
neutrinos off electrons in the water. The scattered re-
coil electrons are detected via Cherenkov light, allowing
their direction, timing and total energy to be measured.
SK measures the spectrum of the recoiling electrons with
high statistical accuracy. To control energy-related sys-
tematic effects, the number of hit photomultiplier tubes
(PMT) is related to the total electron energy using elec-
trons injected by an electron linear accelerator (LINAC)
[15]. The number of hit PMTs in the Monte Carlo sim-
ulation of those LINAC electrons is tuned to agree with
LINAC data. As a result of this tuning, the systematic
uncertainty of the reconstructed energy of electrons be-
tween 5 and 20 MeV is less than 0.64%. The uncertainty
of the energy resolution is less than 2%. This absolute
energy scale is monitored and cross checked by (1) muon
decay electrons, (2) spallation products induced by cos-
mic ray muons, and (3) decay of artificially produced 16N
[16]. The data used for this analysis were collected from
May 31, 1996 to July 15, 2001 with a livetime of 1496
days. The results are binned in 0.5 MeV bins of the total
electron energy from 5 to 14 MeV and one bin combin-
ing events from 14 to 20 MeV. As a real time detector,
SK can divide the data sample into day and night data
samples which give the day/night spectra. The num-
ber of events in each energy bin is extracted individually
by utilizing the directional correlation between the recoil
electrons and the Sun. The angular distribution in the
region far from the solar direction is used to estimate the
background. The estimation of the backgrounds, along
with the expected angular distributions of the solar neu-
trino signals, are incorporated into an extended maxi-
mum likelihood method to extract the number of solar
neutrino events [2].
If µν 6= 0, the differential cross section of neutrino-
electron scattering is an incoherent sum of weak scatter-
ing (1) and magnetic scattering (2) [17].
(
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where µν is in units of µB, Eν is the neutrino energy,
T = Ee −me, and T (Ee) is the kinetic (total) energy of
the recoil electrons.
We search for the effects of the neutrino magnetic mo-
ments by looking for distortions in the shape of the recoil
electron spectrum relative to the expected weak scatter-
ing spectrum. Figure 1 shows the ratio of SK measured
recoil electron energy spectrum and the expected weak
scattering spectrum assuming no oscillation. It is flat,
with no obvious increase of event rates in the lower energy
bins. As neutrino oscillation could change the expected
weak scattering spectrum, the flatness could be due to
a combination of a decrease of the weak scattering rate
by oscillation and an increase of the magnetic scattering
rate at lower energies. To investigate this the observed
SK day/night energy spectra are examined using the fol-
lowing χ2, similar to the one used in SK’s standard solar
spectrum analysis [18] with the addition of the oscillation
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FIG. 1: Ratio of SK-I observed recoil electron energy spec-
trum and the expected non-oscillated weak scattering spec-
trum. The error bars are the results of the statistical and en-
ergy non-correlated systematic errors being added in quadra-
ture. The dotted lines are the correlated systematic errors.
The dash-dotted line is the expected oscillated weak scatter-
ing spectrum for ∆m2 = 6.6 × 10−5eV2, tan2 θ = 0.48. The
dashed line shows the addition of magnetic scattering with
µν = 1.1 × 10
−10µB on top of the oscillated weak spectrum.
(The zero has been suppressed).
effects and the contribution of magnetic scattering:
χ2 =
∑
a=d,n
18∑
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(3)
where W d,ni is the ratio of the oscillated day/night
weak scattering spectra to the non-oscillated weak scat-
tering spectrum. We approximate the solar neutrino os-
cillations by a two-neutrino description with parameters
θ (mixing angle) and ∆m2 (difference in mass squared)
[2]. Mi is the ratio of the magnetic scattering spectrum
to the non-oscillated weak scattering spectrum assum-
ing µν = 10
−10µB. D
d,n
i is the ratio of the measured
day/night spectra to the non-oscillated weak scattering
spectrum. δi is the energy bin correlated systematic er-
ror, σd,ni is the day/night statistical and uncorrelated sys-
tematic errors added quadratically. α is the normaliza-
tion factor of the measured 8B flux to the expected flux;
the 8B flux is not constrained in this analysis. µ210 is
magnetic moment squared in units of (10−10 µB)
2. β is
a parameter used to constrain the variation of correlated
systematic errors which come from the uncertainties in
the energy scale, resolution and 8B neutrino energy spec-
trum. Considering neutrinos with only diagonal mag-
netic moments [17], the survival probability of neutrinos
passing through the magnetic field in the Sun is indepen-
dent of neutrino energy [19]. Thus the shape of the 8B
neutrino spectrum will not be changed by the magnetic
field in the Sun. In this paper we use the SK day/night
spectra from 5 to 14 MeV and consider only the 8B solar
neutrino flux. Furthermore, we assume µν1 = µν2, so the
magnetic scattering spectrum would not be affected by
neutrino oscillations.
The χ2 is minimized with respect to the parameters
α, β and µ2ν in the whole oscillation parameter space.
We impose the physical condition µ2ν ≥ 0 in the process
of minimization. As there is no strong distortion of the
observed energy spectra, this χ2 can be used to exclude
certain regions in the oscillation parameter space.
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FIG. 2: 95% C.L. exclusion regions using the SK day/night
spectra shape. The shaded area assumes only weak scattering.
The hatched region takes into account the contribution from
magnetic scattering.
In Figure 2, the shaded regions are excluded by SK
day/night spectra at 95% C.L. considering only weak
scattering, while the hatched regions are excluded at
the same confidence level but including the contribu-
tion from the magnetic scattering. The exclusion regions
shrink with the addition of the magnetic scattering be-
cause there is one more parameter with which to min-
imize the χ2. As there is no obvious increase of event
rates at lower energies, we instead derive a limit on the
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FIG. 3: The probability distribution of ∆χ2 as function of µ2ν .
The solid line is for the case of no oscillation. The dashed line
is for ∆m2 = 2.8 × 10−5eV2 and tan2 θ = 0.42 (LMA). The
dash-dotted line is for ∆m2 = 3.13 × 10−11eV2 and tan2 θ =
0.91 (VAC). The arrows point to the place where the 90%
C.L. limits are. The hatched areas to the right of the arrows
are 10% of the total areas under the curves.
neutrino magnetic moment. For each point in the os-
cillation parameter space, the probability distribution of
∆χ2 = χ2−χ2min as a function of the square of the mag-
netic moment is used. Figure 3 shows the probability
distributions of ∆χ2 as function of µ2ν for some oscilla-
tion parameters.
A 90% C.L. upper limit µ0 on the neutrino magnetic
moment is obtained by Equation 4 for each point in the
oscillation parameter space.
Prob(∆χ2(µ2 ≥ µ20)) = 0.1× Prob(∆χ
2(µ2 ≥ 0)) (4)
The overall limit on the neutrino magnetic moment is
obtained by finding the maximum of the aforementioned
limits in the oscillation parameter space. Discarding the
regions excluded by SK day/night spectra, we found at
90% C.L. µν ≤ 3.6 × 10
−10µB with the limit at ∆m
2 =
3.13 × 10−11eV2 and tan2 θ = 0.91 which is in the VAC
region.
Results from other solar neutrino experiments can fur-
ther constrain the allowed regions in the oscillation pa-
rameter space. Radiochemical experiments Homestake
[20], SAGE [21] and Gallex/GNO [22] (combined into a
single “Gallium” rate) detect solar neutrinos via charged
current interactions with nucleons. The presence of a
non-zero neutrino magnetic moment would not affect
their measurements of solar neutrino flux rates. SNO [4]
extracts the charged current, neutral current and elastic
scattering rates by utilizing their distinctive angular dis-
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FIG. 4: The 90% C.L. µν limit contours (in units of 10
−10µB)
and neutrino oscillation allowed regions. The area within the
dashed lines is the solar neutrino experiments’ allowed region
considering both weak and magnetic scattering. The shaded
area shows the allowed region for solar experiments plus Kam-
LAND.
tributions. Inclusion of the neutrino magnetic moment
will not affect the charged current interaction. The ef-
fects of non-zero neutrino magnetic moment on the SNO
neutral current interaction are estimated to be very small
[23]. Such a magnetic moment could change the elastic
scattering rates but would not change the angular distri-
bution of the elastic scattering events. Therefore, SNO’s
charged current and neutral current rates will be essen-
tially unaffected by a non-zero neutrino magnetic mo-
ment. The combination of these charged current rates
with SNO’s neutral current rate and SK’s day/night spec-
tra constrains the neutrino oscillation to an area in the
large mixing angle (LMA) region as shown in Figure 4
(the area within the dashed lines).
Limiting the search for the neutrino magnetic moment
within the region allowed by solar neutrino experiments,
we get an upper limit on the neutrino magnetic moment
of µν ≤ 1.3 × 10
−10 µB at 90% C.L. with the limit at
∆m2 = 2.8× 10−5eV2, tan2 θ = 0.42.
KamLAND uses inverse β-decay interactions to de-
tect reactor ν¯e’s [5]. The signature of magnetic scat-
tering with non-zero neutrino magnetic moment bears
no similarity to that used to detect the inverse β-decay
interactions. Therefore, KamLAND’s detection of anti-
neutrinos would not be affected by a non-zero neutrino
magnetic moment. Assuming CPT invariance, the inclu-
sion of the KamLAND results further constrains the neu-
trino oscillation solutions in the LMA region (the shaded
area in Figure 4). This results in a limit on the neutrino
magnetic moment at 90% C.L. of µν ≤ 1.1 × 10
−10 µB
5with the limit at ∆m2 = 6.6 × 10−5eV2 and tan2 θ =
0.48. This result is comparable to the most recent mag-
netic moment limits from reactor neutrino experiments
of 1.3× 10−10 µB (TEXONO) [9] and 1.0× 10
−10 µB
(MUNU) [10], albeit for neutrinos and not antineutrinos.
If neutrinos have off-diagonal moments, the magnetic
field in the Sun can affect the 8B neutrino flux spectrum,
so the results on the limits of neutrino magnetic moment
could in principle be changed. But for the LMA region,
the effect of the solar magnetic field is negligible [13, 24],
so the same limits on the neutrino magnetic moment in
the LMA region would be obtained.
Conclusion. – Limits on the neutrino magnetic mo-
ment have been obtained by analyzing the SK day/night
energy spectra. The oscillation effects on the shape of the
weak scattering spectrum have been taken into account
when analyzing energy spectra. A limit of 3.6×10−10 µB
using Super-Kamiokande-I’s 1496 days of solar neutrino
data is obtained. By constraining the search to only the
regions allowed by all neutrino experiments, a limit of
1.1× 10−10 µB is obtained.
The authors gratefully acknowledge the cooperation
of the Kamioka Mining and Smelting Company. Super-
Kamiokande has been built and operated from funding
by the Japanese Ministry of Education, Culture, Sports,
Science and Technology, the U.S. Department of Energy,
and the U.S. National Science Foundation. This work
was partially supported by the Korean Research Foun-
dation (BK21) and the Korea Ministry of Science and
Technology.
[∗] Present address: Harvard University, Cambridge, MA
02138, USA
[†] Present address: Enrico Fermi Institute, University of
Chicago, Chicago, IL 60637, USA
[‡] Present address: Department of Physics, University of
Utah, Salt Lake City, UT 84112, USA
[1] Y. Fukuda et al., Phys. Rev. Lett, 81, 1562 (1998);
[2] S. Fukuda et al., Phys. Rev. Lett, 86, 5656, (2001); S.
Fukuda et al., Phys. Lett. B 539, 179, (2002).
[3] Q. R. Ahmad et al., Phys. Rev. Lett, 89, 011301 (2002);
Q. R. Ahmad et al., Phys. Rev. Lett, 89, 011302 (2002).
[4] S. N. Ahmed et al., nucl-ex/0309004.
[5] K. Eguchi et al., Phys. Rev. Lett. 90, 021802 (2003).
[6] B. W. Lee and R. E. Shrock, Phys. Rev. D 16, 1444
(1977); W. J. Marciano and A. I. Sanda, Phys. Lett. B
67, 303 (1977).
[7] F. Reines, H. S. Gurr and H. W. Sobel, Phys. Rev. Lett.
37, 315 (1976); P. Vogel and J. Engel, Phys. Rev. D 39,
3378 (1989).
[8] A. I. Derbin et al., JETP Lett. 57, 768 (1993).
[9] H. B. Li et al., Phys. Rev. Lett. 90, 131802 (2003).
[10] Z. Daraktchieva et al., Phys. Lett. B 564, 190 (2003).
[11] J. Schechter, J. W. F. Valle, Phys. Rev. D 24, 1883
(1981); Erratum-ibid. D 25, 283 (1981); L. B. Okun, M.
B. Voloshin and M. I. Vysotsky, Sov. Phys. JETP 64,
446 (1986).
[12] C. S. Lim and W. J. Marciano, Phys. Rev. D 37, 1368
(1988); E. Kh. Akhmedov, Phys. Lett. B 213, 64 (1988).
[13] J. Barranco et al., Phys. Rev. D 66, 093009 (2002);
hep-ph/0207326 v3.
[14] Y. Fukuda et al., Nucl. Instrum. Meth.A501, 418 (2003).
[15] M. Nakahata et al., Nucl. Instrum. Meth. A421, 113
(1999).
[16] E. Blaufuss et al., Nucl. Instrum. Meth. A458, 638
(2001).
[17] J. F. Beacom and P. Vogel, Phys. Rev. Lett. 83, 5222
(1999).
[18] Y. Fukuda et al., Phys. Rev. Lett. 82, 2430 (1999).
[19] R. Mohapatra, P. B. Pal, Massive Neutrino in Physics
and Astrophysics, World Scientific, Singapore, 1998.
[20] B. T. Cleveland et al., Astrophys. J. 496, 505 (1998).
[21] V. N. Gavrin, Talk given at TAUP’ 2003, Sep. 5-9, Seat-
tle, USA
[22] E. Bellotti, Talk given at TAUP’ 2003, Sep. 5-9, Seattle,
USA
[23] K. Tsuji, S. Nakamura, T. Sato and K. Kobodera, in
preparation.
[24] O. G. Miranda et al., Phys. Lett. B 521, 299 (2001);
Nucl. Phys. B 595, 360 (2001); W. Grimus et al, Nucl.
Phys. B 648, 376 (2003).
